Abstract: Circular buried depressed-cladding waveguides have been inscribed in Nd:YAG ceramic media by direct writing with a femtosecond-laser beam. A classical step-by-step translation of the medium method, as well as a newly developed helical-moving technique, were employed to fabricate waveguides with 100-m diameter. Laser emission has been obtained under the pump with a fiber-coupled diode laser. Continuous-wave output power of 3.1 W at 1.06 m and 1.6 W at 1.3 m were achieved from a waveguide inscribed by helical movement in a 4.5-mm-long 1.1-at.% Nd:YAG; the overall optical-to-optical efficiency with respect to the absorbed pump power was 0.31 at 1.06 m and 0.17 at 1.3 m.
Introduction
The realization of various miniature components for integrated optical devices is now possible due to the ability of a femtosecond (fs) laser beam to induce localized modifications (at micrometer scale) of a material refractive index. The first demonstration of this process was made, in glasses, by Davis et al. in 1996 [1] . An increase of the refractive index was observed in the region where the fs-laser beam was focused, and this increase was large enough to sustain waveguiding inside the written track. Such a waveguide has been classified as a "type I" waveguide [2] , [3] .
On the other hand, in the case of many laser crystals, a decrease of the refractive index is obtained in the close vicinity of the irradiated region. In addition, the modified region expands and the stress induced to the surrounding material increases its refractive index. Consequently, waveguiding is possible in the vicinity of a single track. Moreover, guiding of linearly polarized beams can be realized between two such tracks that, however, have to be written at short (few tens of microns apart) distance from each other. This scheme is called "type II" waveguide. Very attractive for building a compact laser device is the tubular-shape waveguide, the so-called "type III" waveguide. This structure (also called the buried depressed-cladding waveguide) consists of an unmodified region of the material that is surrounded by a large number of tracks inscribed by a fs-laser beam [4] . This kind of waveguide can be realized in many shapes and sizes, thus enabling power scaling; usually, such a waveguide laser delivers a randomly polarized beam.
In the case of Nd:Y 3 Al 5 O 12 (Nd:YAG), a fs-laser beam was employed to inscribe, for the first time in 2007, type II waveguides that were situated near the medium surface [5] . The same twoline confinement approach was used to realize the first buried waveguide in Nd:YAG ceramic, from which continuous-wave (cw) laser emission at 1064 nm was achieved under the pump at 748 nm with a Ti:sapphire laser [6] . Record cw output power of 1.3 W at 1064 nm was reported from a Nd:YAG two-line waveguide using the pump with Ti:sapphire laser [7] . Type II waveguides were inscribed in various other laser media, like Yb:YAG [8] , [9] , Nd-vanadates [10] , [11] , Pr:SrAl 12 O 19 [12] , or Nd:KGd(WO 4 ) 2 [13] .
The first buried depressed-cladding waveguide (type III) was realized in a Nd:YAG single crystal and had a rectangular shape; the waveguide was pumped with an array-diode laser and delivered nearly 180 mW power at 1064 nm at an overall optical-to-optical efficiency with respect to the absorbed pump power ð oa Þ of 0.11 [4] . An ellipse-shape buried depressed-cladding waveguide that was fabricated by the same research group in Nd:YAG yielded similar output power under the pump with a fiber-coupled diode laser [14] . Recently, buried depressed-cladding waveguides with circular, hexagonal and trapezoidal cross section were inscribed in Nd:YAG [15] , as well as in other laser media, such as Tm:YAG [16] , Pr:YLiF 4 [17] , or Nd:YCa 4 O(BO 3 ) 3 [18] . A review on these works can be found in [2] and [3] .
Most of the previous waveguides that were written in Nd:YAG were operated at the emitting wavelength ð em Þ of 1.06 m, using the pump with In this work, we are reporting efficient, watt-level cw operation in 100-m diameter buried depressed-cladding waveguides that were inscribed with a fs-laser beam in several Nd:YAG ceramic media. The classical step-by-step writing technique [4] and a helical-moving technique that was developed in our group [20] were used to write the waveguides. Output power of 3.1 W at 1.06 m for 9.8 W absorbed pump power ðP abs Þ at 807 nm and emission at 1.3 m with P out ¼ 1:6 W for P abs ¼ 9:3 W have been obtained from a 4.5-mm long waveguide that was written in 1.1-at.% Nd:YAG. The waveguides' realization and characterization will be discussed in Section 2. Cw laser emission performances are described in Section 3. Moreover, passive Q-switching with a Cr 4+ :YAG saturable absorber (SA) of 0.90 initial transmission yielded pulses with 19.7-J energy and 2.8-ns duration at 34.5-kHz repetition rate. Section 4 concludes this work.
with duration of 200 fs, repetition rate of 2.0 kHz, and energy up to 0.6 mJ. A half-wave plate, a polarizer, and several calibrated neutral filters were used to vary the fs-laser beam energy.
Two inscribing techniques were employed. The first one was the classical method [4] , or the so-called "step-by-step translation" technique, shown in Fig. 1 (a). In this scheme the Nd:YAG is moved transversally (along axis Oz) to the fs-laser beam, starting from one of its side (S1). Once the opposite surface (S2) is reached the fs-laser beam focus is positioned to a different position (in the Oxy plan) that is situated on a circular shape. The process was repeated, and thus many tracks have been inscribed around a circular shape of 100-m diameter ðÞ. In addition, the starting point and position of each next track were chosen such to avoid overlapping between the fs-laser beam and any of an already inscribed track. Following several writing tests and process optimization, the fs-laser beam was focused to a 5.0-m in diameter spot, the translation along Oz was made at a speed of 50 m=sec, and the distance between twoconsecutive tracks (along Oy) was 5 m; the fs-laser pulse energy was about 2.0 J. Fig. 1(b) illustrates the 'helical-moving of the medium technique' [20] . In this configuration the fs-laser beam and the waveguide axis (along which laser emission will be obtained) are parallel. The Nd:YAG medium is translated on axis Ox and in the same time it is rotated in the Ozy plane.
Typically, rotation on a circle with ¼ 100 m was made in less than 1 sec and the speed translation was chosen such to obtain a helical trajectory with 50-m pitch. The fs-laser beam was focused to a spot of 10-m diameter and the pulse energy was set at 15 J. Both of these methods have advantages and presents disadvantages. The classical method allows fabrication of waveguides in long media. On the other hand, the inscribing process takes time, as many tracks have to be realized. For example, the writing with this technique of an waveguide with ¼ 100 m in a 5.0-mm long Nd:YAG was done in ∼1 hour. The helical-moving technique allowed writing of a similar ð ¼ 100 mÞ waveguide, in the same Nd:YAG, in less than 2 min.
For the lasing experiments, the classical method was used to inscribe waveguides (all with ¼ 100 m) in 0.7-at.% Nd:YAG ceramics of 5-mm and 8.0-mm length and in a 8.0-mm long, 1.1-at.% Nd:YAG ceramic. After inscribing, sides S1 and S2 were polished at laser grade (each Nd:YAG length was reduced by ∼0.2 mm by polishing) and coated with antireflection layer AR (reflection, R G 0:5%) at em of 1.06 m and 1.3 m; also, S1 was coated high transmission, HT ðR G 2:5%Þ at the pump wavelength ð p Þ of 807 nm. These waveguides are denoted by DWG-1 (0.7-at.% Nd:YAG, 4.8 mm), DWG-2 (0.7-at.% Nd:YAG, 7.8 mm) and DWG-3 (1.1-at.% Nd:YAG, 7.7 mm). The helical moving method was used to realize a circular waveguide (denoted by DWG-5) in a 4.5-mm thick, 1.1-at.% Nd:YAG ceramic; for comparison, an waveguide (DWG-4) was fabricated in this Nd:YAG by the classical method. A microscope photo of waveguide DWG-4 (side S2) is shown in Fig. 2(a) . The waveguide wall is the sum of the written tracks, with some unmodified material left between each track. On the other hand, the waveguide DWG-5 (realized by the helical-moving method) presents a circular, well delimited wall (see Fig. 2(b) ). Images of side S2 taken with a CMOS camera during optical pumping are given in Fig. 2(c) for DWG-4 and in Fig. 2(d) for DWG-5. A better confinement of the pump beam is obvious in the case of waveguide DWG-5. In addition, fluorescence images of S2 that were recorded with a Spiricon camera (model SP620U, 190-1100 nm spectral range) are shown in Fig. 2(e) for DWG-4 and in Fig. 2(f) for DWG-5. Better symmetry of the gain distribution is observed in the case of waveguide DWG-5.
In order to evaluate the propagation losses, a HeNe laser beam (632.8 nm wavelength) was coupled (with unit efficiency) into each waveguide and the power of the incident and transmitted light was measured. Calculus concluded that propagation losses were 1.7 dB/cm for DWG-1, nearly 1.5 dB/cm for DWG-2, and about 1.2 dB/cm for DWG-3. The waveguide DWG-5 (realized by the helical-moving method) had the lowest losses of 0.6 dB/cm, whereas losses of DWG-4 were ∼1.5 dB/cm. Fig. 3 shows propagation of the HeNe beam in bulk Nd:YAG (see Fig. 3(a) ) and in waveguides DWG-4 (see Fig. 3(b) ) and DWG-5 (see Fig. 3 
Laser Emission Performances
The laser emission characteristics were investigated in plane-plane resonators. tion. The pump mirror and the output mirror were positioned close to surfaces S1 and S2, respectively, of Nd:YAG. Each Nd:YAG medium was wrapped in Indium foil and clamped in a copper holder whose temperature was controlled at 20°C by a Peltier element. The pump was made at 807 nm with a fiber-coupled diode laser (LIMO Co., Germany); the fiber end (of 100-m diameter and numerical aperture NA ¼ 0:22) was imaged into a waveguide with a collimating lens of 40-mm focal length and a focusing lens of 30-mm focal length.
The output power P out at 1.06 m versus the absorbed pump power P abs at 807 nm is shown in Fig. 4 ; the best results were obtained with an OCM of transmission T ¼ 0:05 at this em . The waveguide DWG-1 (0.7-at.% Nd:YAG, 4.8 mm) yielded maximum P out ¼ 1:6 W for P abs ¼ 7:6 W, corresponding to an optical-to-optical efficiency oa ¼ 0:21; the slope efficiency (with respect to P abs ) was sa ¼ 0:32. An increased P out ¼ 2:5 W was measured from waveguide DWG-3 (1.1-at.% Nd:YAG, 7.7 mm) with efficiency oa ¼ 0:29; the slope amounted to sa ¼ 0:38. On the other hand, the circular waveguide DWG-5 (1.1-at.% Nd:YAG, 4.5 mm) yielded P out ¼ 3:1 W for P abs ¼ 9:8 W (with oa ¼ 0:31). The slope efficiency for absorbed power P abs up to 6.6 W was around sa ¼ 0:43; at this pump level, the waveguide DWG-5 emitted P out ¼ 2:2 W with efficiency oa ¼ 0:33. Saturation of P out was observed for P abs in excess of ∼7 W, which can be attributed to the thermal effects induced by optical pumping in the waveguide. The waveguide DWG-4 yielded maximum P out ¼ 1:7 W for P abs ¼ 8:8 W; the slope efficiency was sa ¼ 0:29. The output power decreased above this pump level. The near-field distribution of the laser beams recorded from waveguides DWG-4 and DWG-5 at corresponding maximum P out are also shown in Fig. 4(b) . Differences in the laser emission performances could be explained partially by losses of the waveguides. A Findlay-Clay analysis [22] of threshold pump powers function of OCM transmission was performed for each waveguide in order to evaluate the round-trip cavity residual loss L i . The lower loss (of L i 0:03) was determined for waveguide DWG-5 that was fabricated by the helical-moving method. Loss L i was nearly 0.05 for waveguide DWG-3, whereas L i increased up to 0.07-0.08 for waveguides DWG-1 and DWG-4. It is worthwhile to mention that the characteristics of laser emission were also measured for the pump in bulk of each Nd:YAG ceramic medium. For example, the 7.7-mm long, 1.1-at.% Nd:YAG yielded the output power P out ¼ 5:1 W (at 1.06 m) with optical efficiency oa ¼ 0:59; the slope efficiency was sa ¼ 0:61. Furthermore, an output power P out ¼ 6:3 W (at oa ¼ 0:64) was obtained from the 4.5-mm long, 1.1-at.% Nd:YAG; the slope efficiency was sa ¼ 0:66. Moreover, the Findlay-Clay analysis concluded that loss L i of every bulk Nd:YAG used in the experiments was below 0.01. Efficient emission at em ¼ 1:3 m was achieved only from waveguide DWG-5. As shown in Fig. 5 , when an OCM with transmission T ¼ 0:03 at 1.3 m was used, this waveguide emitted cw power P out ¼ 1:6 W for P abs ¼ 9:3 W; the optical efficiency was oa ¼ 0:17. The slope efficiency sa amounted to 0.19. The output power obtained from the waveguides inscribed by the classical step-by-step translation method was low: below 0.3 W for P abs of nearly 5 W. The results were attributed to higher losses of these waveguides, as well as to an increased heat generation in Nd:YAG for laser emission at 1.3 m in comparison emission at 1.06 m as well [23] , [24] .
In order to evaluate the Nd:YAG medium temperature during lasing at 1.06 m and 1.3 m we used a FLIR T620 thermal camera (±2°C accuracy on the −40°C to +150°C range). Still, direct measurement of waveguide DWG-5 temperature was not possible because visualization of side S2 required a longer (about 40-mm length) resonator, for which laser emission ceased at both wavelengths of emission. Therefore, the temperature was measured using the pump directly in bulk Nd:YAG. As shown in Fig. 6(a) , the 4.5-mm long, 1.1-at.% Nd:YAG ceramic medium yielded 4.7 W at 1.06 m for P abs ¼ 8:8 W. The temperature of side S2 reached 49.6°C (Fig. 6(b) ) for the maximum P abs ¼ 8:8 W. Under non-lasing condition (that was obtained by misalignment the resonator OCM) the temperature of side S2 increased up to 64.8°C. Thus, less heat is generated in Nd:YAG under lasing at 1.06 m in comparison with the non-lasing regime. On the other hand, the Nd:YAG medium emitted 2.2-W power at 1.3 m for P abs ¼ 8:2 W (Fig. 6(a) ). Under non-lasing the S2 side temperature increased up to 64.1°C for P abs ¼ 8:2 W; as shown in Fig. 6 (c) the temperature decreased to 61.6°C under lasing. Thus, although less heat is generated for lasing at 1.3 m, in comparison with non-lasing, the generated heat is higher for emission at this em , in comparison with laser emission at 1.06 m. Improved output performances at 1.3 m could be obtained by using a Nd:YAG medium with high-doping level [23] , [24] , but keeping the residual loss at low level is necessary. The main results reported in this work for cw lasing at 1.06 m and 1.3 m are summarized in Table 1 .
Q-switch operation of such a waveguide laser is interesting for various applications as pulses with short duration and high-peak power could be obtained. Previously, laser pulses of 10-J energy and 1.0-ns duration at 1.0-kHz repetition rate were obtained from a circular depressedcladding waveguide that was inscribed in a diffusion bonded Nd:YAG/Cr 4+ :YAG single crystal [25] . A type II waveguide inscribed in Nd:YAG was passively Q-switched by Cr 4+ :YAG, yielding 300 mW average power, 1-ns duration pulses at 300 kHz repetition rate [26] . Also, type II waveguides fabricated in Yb:YAG and Nd:YVO 4 were Q-switched by carbon nanotubes [27] and graphene [28] , respectively. Laser pulses with nearly 40-nJ energy and 78-ns duration were obtained [27] . Mode-locking with single-layer graphene of a circular, buried depressed-cladding waveguide inscribed in Nd:YAG was reported recently [29] .
In our experiments passive Q-switching at 1.06 m was obtained with an uncoated Cr 4+ :YAG SA crystal of 0.90 initial transmission. We used the waveguide DWG-3 (1.1-at.% Nd, 7.7 mm) because it assures high absorption of the pump beam; thus, the unabsorbed pump light will have little influence on the Cr 4+ :YAG properties. The Cr 4+ :YAG SA was positioned between side J, and the pulse duration was measured to be 2.8 ns, which was constant on the entire absorbed pump power range; therefore, the pulse peak power reached 7 kW.
Conclusion
In summary, we have obtained efficient laser emission using the pump with fiber-coupled diode laser of circular (100-m diameter), buried depressed-cladding waveguides that were inscribed in several Nd:YAG ceramics by fs-laser beam writing method. Output powers of 3.1 W at 1.06 m and of 1.6 W at 1.3 m were measured from a 4.5-mm long waveguide that was inscribed in a 1.1-at.% Nd:YAG using a novel, helical moving of the medium writing technique.
The optical-to-optical efficiency was 0.32 at 1.06 m and 0.17 at 1.3 m, whereas the slope efficiency was 0.43 and 0.19, respectively. Laser operation in the Q-switch regime was obtained with Cr 4+ :YAG SA, where the waveguide laser delivered 680 mW average power pulses with 19.7-J energy at 7-kW pulse peak power. To the best of our knowledge the data reported in this work for both cw and Q-switch operation are the highest for such configurations; these results prove the potential of the waveguides inscribed by the fs-laser beam technique to realize efficient integrated laser sources pumped by fiber-coupled diode lasers.
